is an emerging mosquito-borne arbovirus present in Central and South America that causes arthralgia and febrile illness. Domestic mosquitoes Aedes aegypti (Diptera: Culicidae) and Aedes albopictus are potential vectors of MAYV that may allow for transmission to humans in urban settings. The present paper assesses susceptibility to infection, disseminated infection and transmission potential in Florida Ae. aegypti and Ae. albopictus for MAYV. Oral infection was significantly higher in Ae. albopictus (85-100%) than in Ae. aegypti (67-82%). Viral dissemination to the haemocoel in Ae. aegypti and Ae. albopictus mosquitoes was rapid and co-occurred with infection of the salivary glands. Rates of disseminated infection were generally higher in Ae. aegypti (45-85%) than in Ae. albopictus (38-76%), although the difference was significant only at 9 days after feeding on MAYV-infected blood. Both mosquito species exhibited low rates of MAYV infection in saliva expectorates. Viral titres in the bodies of mosquitoes increased in line with the number of days post-blood feeding and were higher in Ae. aegypti than in Ae. albopictus. Although Florida mosquito vectors have the potential to transmit MAYV and thus to initiate an urban cycle after having fed on higher titres of MAYV-infected blood, lower viraemia in infected humans is likely to limit transmission potential.
Introduction
Mayaro virus (MAYV) is an RNA virus in the genus Alphavirus, family Togaviridae (Anderson et al., 1957; Tesh et al., 1999) . The virus was first isolated in 1954 from Trinidad (Anderson et al., 1957) . Mayaro virus has been classified into three major genotypes (D, L and N) ; genotype D includes strains from Peru, Bolivia, Venezuela, Trinidad and Tobago, and French Guiana, whereas genotype L comes from Haiti and Brazil (Lednicky et al., 2016) . Genotype N was isolated in 2010 in Peru (Auguste et al., 2015) . There have been several recent epidemics of MAYV in the Brazilian states of Pará (2008) (Azevedo et al., 2009 ), Mato Grosso (2012 (Zuchi et al., 2014) and Goiás (2014 Goiás ( -2016 (Brunini et al., 2017) and one in Bolivia (Hoch et al., 1981) . Mayaro virus is a mosquito-borne pathogen with a sylvatic transmission cycle between Haemagogus mosquitoes (Diptera: Culicidae) and non-human primates (Hoch et al., 1981; Pinheiro & LeDuc, 1986) . Sylvatic cycles of MAYV may include other vertebrates such as mammals (rodents, sloths, horses, sheep), birds and reptiles (caimans), but their roles in MAYV epidemiology are less clear (Vasconcelos et al., 2001; Pauvolid-Corrêa et al., 2015) . Haemagogus janthinomys is the main mosquito vector of MAYV, but the virus has also been isolated from other mosquito genera including Sabethes, Aedes (Aedes serratus, Aedes scapularis), Culex, Mansonia and Psorophora (all: Diptera: Culicidae) (Aitken & Anderson, 1959; Aitken et al., 1960 Aitken et al., , 1969 Galindo et al., 1966; Galindo & Srihongse, 1967) , although the vector competence of these mosquito has not been addressed yet. Mayaro virus is related to other alphaviruses including the Chikungunya, O'nyong-nyong, Ross River, Barmah Forest and Sindbis viruses, which produce similar clinical illnesses in infected people (Anderson et al., 1957; Espmark & Niklasson, 1990; Phillips et al., 1990; Tesh et al., 1999) . In humans, MAYV infection causes an acute febrile illness of 3-5 days characterized by headache, musculoskeletal pain, maculopapular rash, nausea and photophobia (Tesh et al., 1999) . Although MAYV does not have a history of urbanization, it belongs to the Semliki Forest Complex, as do newly emergent Chikungunya virus lineages that are causes of public health concern (Powers et al., 2001; Weaver & Reisen, 2010) .
One of the first documented outbreaks of Mayaro fever occurred in 1955 in eastern Brazil, in Belém in the State of Pará (Causey & Maroja, 1957) . Mayaro also emerged in Belterra, Pará, Brazil in 1978, when it initially involved 55 cases but was suspected to extend to approximately 800 cases (20% of the population) . Serosurveys and viral isolations in Brazil show that sporadic cases of Mayaro fever occurred between 1966 and 2016 (Hoch et al., 1981; Pinheiro et al., 1981; Esposito & da Fonseca, 2017) . Mayaro has been isolated from humans, wild vertebrates and mosquitoes in Columbia, Bolivia, French Guiana, Guyana, Honduras, Panama, Suriname, Venezuela, Peru and Mexico (Metselaar, 1966; Talarmin et al., 1998; Mackay & Arden, 2016) . More recently, MAYV has been recovered near major neotropical cities with Aedes aegypti, including in urban and peri-urban residents in Brazil (Tesh et al., 1999; Mourão et al., 2012) , which allows for the possibility of the involvement of domestic mosquitoes in MAYV urbanization, as demonstrated for another alphavirus, Chikungunya (Weaver & Reisen, 2010) .
To assess the potential for urban vectors to contribute to MAYV epidemiology, vector competence for MAYV in two Florida Aedes vector species, Ae. aegypti and Aedes albopictus, was experimentally evaluated. The present paper reports on findings for susceptibility to infection, viral dissemination and infection in expectorated saliva to approximate natural transmission at various periods during the infection progress in mosquitoes that have ingested MAYV-infected blood.
Materials and methods

Mosquito populations and rearing
Larvae of Ae. aegypti and Ae. albopictus were collected from artificial containers in Miami, Florida and Jacksonville, Florida, respectively. The F2 progeny from field-collected mosquitoes were used for the infection experiments. Mosquitoes were reared by placing 200 eggs in plastic trays (50 cm in length, 40 cm in width, 7.6 cm in height) with 2.0 L of tap water and 2.7 g of larval food consisting of equal amounts of brewer's yeast and liver powder. Adults were provided with 10% sucrose solution from cotton wicks. All stages of mosquitoes were maintained at 28 ∘ C under a photoperiod of LD 14 : 10 h. One day before mosquitoes were to be provided with MAYV-infected blood, adults were cold-anaesthetized and females were placed into cages with mesh screening (10 cm in height, 10 cm in diameter; 50 females/cage) with access to water but not sucrose.
Mayaro virus isolate and propagation
An isolate of MAYV from an infected human in Trinidad (strain TRVL 4675) in 1954 was provided by the U.S. Centers for Disease Control and Prevention. The virus was propagated using one passage in cultured African green monkey (Vero) cells at a multiplicity of infection of 0.1. Tissue culture plates were maintained at 37 ∘ C and 5% carbon dioxide atmosphere during propagation. Cells and associated media were harvested at 48 h post-infection and in preparation for mosquito feeding trials. The viral titre after propagation in cell cultures was 7.5 log 10 plaque-forming units (PFUs)/mL determined by plaque assay using procedures similar to established techniques (Kaur et al., 2016) .
Mosquito infection
Freshly harvested virus from cell cultures was combined with defibrinated bovine blood (Hemostat Laboratories, Inc., Dixon, CA, U.S.A.) and adenosine triphosphate (ATP) (0.005 m) and presented to mosquitoes through an artificial membrane feeding system (Hemotek Ltd, Blackburn, U.K.) using hog casing membranes. Adult females aged 9-10 days were allowed to ingest MAYV-infected blood during a 1-h feeding trial. Following feeding trials, fully engorged females were maintained in an environmental chamber at 30 ∘ C and LD 14 : 10 h. Mosquitoes were housed in cages with oviposition substrate and 10% sucrose solution provided through cotton pads.
Virus transmission and dissemination
Mosquitoes were tested for their potential to transmit MAYV at four time-points after their ingestion of infected blood (3, 6, 9 and 12 days post-feeding) by two different methods of collecting expectorated saliva. Equal numbers from both species and time intervals were divided up to be tested by collection of saliva in capillary tubes and cationic (Q) papers (Glushakova et al., 2017) . Mosquitoes chosen for Q-paper assays were placed in 37-mL plastic tubes (8 cm in height, 3 cm in diameter) 1 day before the time-point at which the test was to be conducted. Each tube held one mosquito and was fitted with a lid that included a Q-paper of approximately 1 cm in diameter treated with 20% sucrose solution fastened to the bottom. Blue food colouring was added to the sucrose solution as a visual marker to indicate that a mosquito had fed on the Q-paper and expectorated saliva. Mosquitoes were checked after 24 h using a flashlight to determine whether blue colouring could be visualized in the crop. Only mosquitoes that fed on blue sucrose were tested for saliva infection. Mosquitoes and Q-papers were stored at − 80 ∘ C immediately following the Q-paper assay. Additionally, saliva was collected from mosquitoes in capillary tubes with immersion oil as described previously . For the capillary tube assay, mosquitoes were cold-anaesthetized and their legs and wings were removed; the mosquito's proboscis was inserted into a capillary tube containing immersion oil for 1 h . After 1 h of salivation, immersion oil and saliva were ejected into centrifuge tubes containing 300 μL of medium (199 m). A 140-μL aliquot (46% of sample) was used for viral RNA isolation, which was eluted in 50 μL buffer. The quantitative real-time polymerase chain reaction (qRT-PCR) used 5 μL (10% of sample) of the viral RNA sample. Legs and bodies were placed into separate centrifuge tubes containing 1 mL of medium (199 m) and frozen at − 80 ∘ C. Mosquito bodies and legs were triturated mechanically in a TissueLyser (Qiagen, Inc., Valencia, CA, U.S.A.) with two steel bearings (4.4 mm in diameter) and clarified by centrifugation.
Viral RNA isolation and qRT-PCR
Viral RNA was extracted from 140 μL of mosquito body, legs and saliva homogenates using the QIAamp Viral RNA Mini Kit (Qiagen, Inc.) and eluted in 50 μL of buffer as per the manufacturer's protocol. Mayaro virus RNA was distinguished using the SuperScript III One-Step qRT-PCR with Platinum ® Taq Kit (Invitrogen, Inc., Carlsbad, CA, U.S.A.). Primers had the following sequences: forward, 5
′ -TGGACCT TTGGCTCTTCTTATC-3 ′ , and reverse, 5 ′ -GACGCTCACTG CGACTAAA-3 ′ . The probe sequence was 5 ′ -/56-FAM/TACTT TCCTGCTGCAAGGGCTCTT/3BHQ_1/−3 ′ (Integrated DNA Technologies, Inc., Coralville, IA, U.S.A.). Primers were designed to target a non-functional structural polyprotein precursor gene (GenBank accession no. DQ4873691). Quantitative RT-PCR was performed with the CFX96 Real-Time PCR Detection System (Bio-Rad Laboratories, Inc., Hercules, CA, U.S.A.). The qRT-PCR was programmed as follows: 50 ∘ C for 30 min; 94 ∘ C for 2 min; 39 cycles of 94 ∘ C for 10 s and 60 ∘ C for 1 min, followed by 50 ∘ C for 30 s. The amplicon formed by this assay is 91 base pairs long. The titre of MAYV in mosquito samples was determined using a standard curve method by comparing cDNA synthesis for serial dilutions of MAYV together with plaque assays on serial dilutions of MAYV, expressed as PFU equivalents (PFUEs)/mL (Bustin, 2000) .
Statistical analyses
Mosquito species, time and species × time interaction effects on susceptibility to infection, viral dissemination and saliva infection were analysed using maximum likelihood categorical analyses of contingency tables (PROC CATMOD) in sas 2008 (SAS Institute, Inc., Cary, NC, U.S.A.). Follow-up analyses included pairwise comparisons of treatments, correcting for multiple comparisons using a Bonferroni adjustment (PROC MULTTEST, sas 2008). The tests for viral titre did not meet the assumption of normality and so non-parametric analysis of variance was used to test for differences in virus titres in mosquito tissues. Pairwise comparisons used Tukey-Kramer multiple comparisons among least-squares means.
Results
Mayaro virus titres in bloodmeals imbibed by mosquitoes were 7.1 ± 0.2 log 10 of MAYV PFUEs/mL. There were significant effects of species on susceptibility to infection, with higher rates of infection observed in Ae. albopictus than in Ae. aegypti (Fig. 1A, Table 1 ). However, there were no significant effects of time or interaction between species and time ( (Fig. 1A) .
There were significant effects of species on disseminated infection, time since ingestion of MAYV-infected blood, and the interaction between species and time since MAYV exposure (Table 1) . Higher rates of disseminated infections were observed in Ae. aegypti than in Ae. albopictus (Fig. 1B) . For both species, the number of individuals with disseminated infections was significantly greater at later after the ingestion of MAYV-infected blood than soon after ingestion. Because the interaction was significant, comparisons between species within time treatments (e.g. Ae. aegypti vs. Ae. albopictus at 3 days post-exposure) were conducted. A significantly greater number of mosquitoes with disseminated MAYV infections was observed in Ae. aegypti compared with Ae. albopictus at 9 days post-exposure, but not at other times (Fig. 1B) .
There were significant effects of time and species × time interaction, but no species treatment effects on transmission potential. The number of mosquitoes with saliva infection of MAYV was significantly greater in Ae. albopictus than in Ae. aegypti at 9 days after ingesting infected blood. There were no other significant differences in saliva infection between species at the other times tested (Fig. 1C ).
There were significant effects of species, time and their interaction on body titre (Table 1 ). The species effect showed that body titres were higher in Ae. aegypti than in Ae. albopictus ( Fig. 2A) . The time effect showed that body titres consistently increased in line with time since ingestion of MAYV-infected blood. After corrections for multiple comparisons, there were no significant differences between the species in body titre at any of the four time-points (e.g. Ae. aegypti vs. Ae. albopictus at 3 days post-exposure). There were significant effects of time and of the species × time interaction, but not of species alone on viral titre in leg tissues (Table 1 ). The time effect showed that viral titres were higher on days 6, 9 and 12 post-exposure than on day 3. After corrections for multiple comparisons, there were no significant differences between the species in leg titre at any of the four time-points (e.g. Ae. aegypti vs. Ae. albopictus at 6 days post-exposure) (Fig. 2B ). There were no significant effects of species, time or species × time interaction on viral titre in the saliva of the two mosquito species (Fig. 2C, Table 1 ).
Discussion
This study evaluated the infection and transmission potential of Ae. aegypti and Ae. albopictus for MAYV to determine the relative vector competency of Florida mosquitoes and assess the risk for urban transmission following MAYV introduction. This work was initiated in response to a rise in the number of travel-related and local transmissions of emerging arboviruses in Florida, including dengue, Chikungunya and Zika viruses. Both Ae. aegypti and Ae. albopictus are potential vectors of these viruses as well as of MAYV, which is considered a re-emerging pathogen in the Americas (Auguste et al., 2015; Lednicky et al., 2016) . Furthermore, it is likely that intraspecific variation in vector competence occurs among populations of 
(A) Susceptibility to MAYV infection (body infection). (B) MAYV disseminated infection (leg infection). (C) MAYV transmission potential (saliva infection)
. Saliva expectorates were collected by Q-paper and capillary tubes. Saliva infection was not associated with method of collection of saliva expectorates (two-tailed t-test, t 6 = 1.13, P = 0.30). Ae. aegypti and Ae. albopictus, as has been observed for other arboviruses [dengue virus (Bosio et al., 1998 ), Chikungunya virus (Vega-Rúa et al., 2014 Alto et al., 2017) and Zika virus (Chouin-Carneiro et al., 2016) ]. Both mosquitoes exhibited high susceptibility to infection in the range of 67-82% in Ae. aegypti and 85-100% in Ae. albopictus. Conversely, Ae. aegypti exhibited higher disseminated infection, but only at a single time-point. These data suggest a somewhat less effective midgut escape barrier inhibiting arboviruses from spreading beyond the basal lamina of the midgut cells to the haemocoel in Ae. aegypti. The temporal pattern of disseminated infection and transmission potential parallel the disseminated infection and transmission potential observed in Florida Ae. aegypti and Ae. albopictus for two emergent lineages of Chikungunya virus . However, rates of disseminated infection and transmission potential were lower for MAYV than for Chikungunya virus. Specifically, viral dissemination to the haemocoel was rapid and co-occurred with infection of the saliva, with at least some individuals of both Ae. aegypti and Ae. albopictus showing a transmission potential phenotype occurring 3 days following ingestion of MAYV-infected blood. Regardless, transmission potential remained low (< 10%) to 9 days post-infection (d.p. i.) with 24-26% of individuals showing infected saliva by 12 d.p. i. The one exception to this observation referred to Ae. albopictus at 9 d.p. i., which showed a 55% rate of infection that decreased later in the infection period. The decline in transmission efficiency for Ae. albopictus later during infection may be attributable to viral modulation of the infection by the mosquito (Hardy et al., 1983) . Viral modulation by the RNAi defence system, as well as other proposed viral modulation mechanisms (post-transcriptional or post-translational repression and an antiviral response), have been identified as causes of reductions in virus load in Ae. aegypti infected with dengue 2 virus later during infection (Salazar et al., 2007; Sánchez-Vargas et al., 2009) . Females of both Ae. aegypti and Ae. albopictus blood feed more than once per gonotrophic cycle (gonotrophic discordance) and the acquisition and transmission of MAYV are possible during each feeding event. Multiple feeding events coupled with rapid infection of the salivary glands in some individuals may favour MAYV transmission by these potential vector species, despite low rates of saliva infection (Chouin-Carneiro et al., 2016) .
Both the Mayaro and Chikungunya viruses belong to the Semliki Forest Complex and the clinical symptoms they cause are very similar (Tesh, 1982) . The potential for MAYV to urbanize in regions with these vector species will depend on the magnitude and duration of human viraemia (Weaver & Reisen, 2010) . However, there is a paucity of information on MAYV kinetics in humans. The viraemia of MAYV lies in the range of 4.2-5.3 log 10 PFU/mL after the initial onset (within 24 h) of symptoms, which could be an underestimate of peak viraemic titres (Pinheiro & LeDuc, 1986) . Similar viraemias have been found in marmosets, a known enzootic host of MAYV (Hoch et al., 1981) . During this stage of the infection, it is predicted that few individuals of Ae. aegypti and Ae. albopictus will become infected upon ingestion of virus at this dose (Smith & Francy, 1991; Long et al., 2011) . In the current study, a higher viral titre in infectious bloodmeals was used to ensure that sufficient numbers of mosquitoes became infected in order that barriers to virus dissemination throughout the haemocoel (midgut escape barrier) and transmission potential (salivary gland barriers) could be characterized.
The rapid extrinsic incubation period of MAYV is similar to incubation periods observed for Chikungunya virus with the highest infections occurring around 6-13 days post-blood feeding . High infection rates were observed in both vector species as early as 3 days post-blood feeding. The Ae. aegypti used by Long et al. (2011) also showed high infection rates at 14 days post-blood feeding. Aedes albopictus showed higher rates of infection than Ae. aegypti, but Ae. aegypti had higher titres in the body. The titres in the bodies steadily increased in line with the number of days post-blood feeding. This effect was also observed in a mosquito infection study using Peruvian isolates of Ae. aegypti and MAYV, in which titre in mosquito bodies decreased between days 0 and 3 and then increased between days 7 and 14 (Long et al., 2011) .
There were minimal differences in viral titre between these vector species, suggesting that viral replication kinetics per se were not responsible for observed differences in susceptibility to infection and disseminated infection in Ae. aegypti and Ae. albopictus. Lack of differences in viral titre in saliva suggest both vector species transfer similar MAYV inoculates when blood feeding on their vertebrate hosts. The viral titres observed in bodies and legs were lower than those in Ae. aegypti from Peru orally infected with MAYV from Peru (Long et al., 2011) . However, viral titres in saliva expectorates in Ae. aegypti and Ae. albopictus were within the range observed by Long et al. (2011) in Ae. aegypti. Differences between the findings of Long et al. (2011) and the current study may be attributable, in part, to variations in interactions between arboviruses and mosquitoes from different geographic populations, as has been shown for other arboviruses [Chikungunya virus (Vega-Rúa et al., 2014; Zouache et al., 2014; Dengue viruses, Bosio et al., 1998) , yellow fever virus (Tabachnick et al., 1985) and Zika virus (Chouin-Carneiro et al., 2016; Roundy et al., 2017) ].
An apparent lack of substantial midgut escape barriers is shown by the number of individuals with disseminated infections in both species. An increase in the number of disseminated infections was observed in individuals at later time-points in comparison with soon after the ingestion of MAYV-infected blood. Aedes aegypti had higher rates of dissemination than Ae. albopictus only at 9 d.p. i. Long et al. (2011) showed higher dissemination rates and titres at later time-points post-MAYV infection. Similarly, in the current study, viral titres showed a trend towards being higher at time-points following 3 d.p. i. In this study, the rates of susceptibility to MAYV infection and disseminated infection observed were similar to those seen in Ae. aegypti (Long et al., 2011) and Ae. albopictus (Smith & Francy, 1991 ) using a similar infectious dose. By contrast, in the current study, lower MAYV saliva infection and transmission rates were observed in Ae. aegypti and Ae. albopictus than in the earlier works (Smith & Francy, 1991; Long et al., 2011) . Differences in transmission rates between these studies may be attributable in part to geographic differences in vector competence for arboviruses, as well as subtle differences in infectious dose [cf. Chikungunya virus (Vega-Rúa et al., 2014; Zouache et al., 2014) , dengue viruses (Bosio et al., 1998) , yellow fever virus, (Tabachnick et al., 1985) , and Zika virus (Chouin-Carneiro et al., 2016; Roundy et al., 2017) ].
In conclusion, viral dissemination to the haemocoel in Ae. aegypti and Ae. albopictus mosquitoes was rapid and co-occurred with infection of the salivary glands. Older mosquitoes represent a greater epidemiological threat because they are more likely to have ingested a virus-infected bloodmeal and completed the extrinsic incubation period and are more likely to be capable of transmitting the virus during these advanced stages of infection (McMeniman et al., 2009; Alto et al., 2017) . These observations suggest that Florida vectors are highly susceptible to MAYV infection, but that substantial barriers limit saliva infection. Future studies are needed to assess the competence of infected mosquitoes to transmit the virus to vertebrate animals.
